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(57) Abstract 

The invention relates to a method for permeabilisation of a cell structure 
consisting of a single cell, an intracellular structure or an organelle comprising 
the following steps: (a) microelectrodes, preferably two carbon fibre electrodes 
or hollow fibre electrodes, are provided, (b) the microelectrodes are connected to 
a power supply, (c) the electrodes, individually controlled by high-graduation 
micromanipulators, are placed close to the cell structure at an appropriate 
inter-electrode distance, and (d) a highly focused electric field of a strength 
sufficient to obtain electroporation is applied between the electrodes. The method 
may be used in order to transfer cell impermeant solutes, such as drugs or genes, 
into the cell structure or out of the cell structure, in biosensors, in the treatment of 
tumours and neurodegenerative diseases and in the study of biophysical processes. 
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METHOD FOR ELECTRO- PERMEABILI SAT I ON OF INDIVIDUAL ' 
CELLULAR AND ORGANELLAR STRUCTURES AND USE THEREOF 

Field of the invention 

The present invention relates to a highly spatially 
resolved method for permeabilisat ion of cell structures, 
organelle structures and cell-like structures in order to 
5 transfer compounds into or out of the structures. It also 
relates to use of this method. 

Background of the invention 

During the last two decades there has been a tremen- 

10 dous growth in experimental methods that allow for bio- 
chemical and biophysical investigations of single cells. 
Such methods include patch clamp recordings which can be 
used for measurement of transmembrane currents through a 
single ion channel (O. P. Hamill, A. Marty, E . Neher, B. 

15 Sakman, F. J. Sigworth, Pfleugers Arch. 391, 85-100 

(1981)); laser confocal microscopy imaging techniques 
that can be used to localise bioactive components in sin- 
gle cells and single organelles (S. Maiti, J. B. Shear, 
R. M. Williams, W. R Zipfel, W. W. Webb, Science, 275, 

20 530-532 (1997)); use of near field optical probes for pH 
measurements in the cell interior; and use of ultra- 
microelectrodes for measurement of release of single 
catechol- and indol-amine-containing vesicles (R. H. 
Chow, L. von Ruden, E . Neher, Nature, 356, 60-63 (1992) 

25 and R. M. Wightman, J. A. Jankowski, R. T. Kennedy, K. T. 
Kawagoe, T. J. Scroeder, D. J. Leszczyszyn, J. A. Near, 
E. J. Diliberto Jr., 0. H. Viveros, Proc. Natl. Acad. 
Sci. U.S.A., 88, 10754-10758 (1991)). 

Although numerous high-resolution techniques exist to de- 
30 tect, image and analyse the contents of single cells and 
subcellular organelles, few methods exist to control and 
manipulate the biochemical nature of these compartments. 
Most compounds for biological and medical use that are of 
interest to include in cells are polar. Polar solutes are 
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cell-impermeant and unable to pass biological membranes 
unless specific transporters exist. Often in experimental 
biology as well as in biochemical and clinical work, po- 
lar solutes need to be administered to the cytoplasm of 
5 cells or to the interior of organelles. Examples of such 
polar solutes are nanoparticles , dyes, drugs, DNAs , RRAs, 
proteins, peptides, and amino acids. At present, it is 
extremely difficult, for example, to label a cell - in a 
cell culture with a dye, or transfect it with a gene 

10 without labelling or transfecting its adjacent neighbour. 
It is even more difficult to introduce polar molecules 
into organelles because of their size which many times is 
smaller than the resolution limit of a light microscope, 
or at least less than a few micrometers in diameter. 

15 Microinjection techniques for single cells and sin- 

gle nuclei have also been described (see e.g. M. R. 
Capecchi, Cell, 22, 479-488 (1980), but these get in- 
creasingly difficult to implement as the size of the cell 
or organelle decreases. For cells and organelles measur- 

20 ing only a few micrometers in diameter or less, microin- 
jection techniques become virtually impossible to use. 

It has for a long time been recognised that cell 
membranes can be permeabilised by pulsed electric fields 
(see e.g. Zimmermann, U. Biochim. Biophys Acta, 694, 227- 

25 277 (1982); Tsong, T. Y. Biophys. J., 60, 297-306 (1991); 
Weaver, J. C. J. Cell. Biochem. , 51, 426-435 (1993)). 
This technique is called electroporation . The membrane 
voltage, V m , at different loci on phospholipid bilayer 
spheres during exposure in a homogenous electric field of 

30 duration t, can be calculated from: 

V m =l . 5r c £cosa[l-exp(-t/t) ] (1) 

where E is the electric field strength, r c is the cell 
35 radius, a, the angle in relation to the direction of the 
electric field, and x the capacit ive-resistive time con- 
stant. Pore-formation will result at spherical coordi- 
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nates exposed to a maximal potential shift, which is at 
the poles facing the electrodes (cosct=l for a=0; cosa=-l 
for a=n) . Generally, electric field strengths on the or- 
der of from 1 to 1.5 kV/cm for durations of a few \xs to 
5 a few ms are sufficient to cause transient perrneabilisa- 
tion in 10-jxm-outer diameter spherical cells. A recent 
study shows that isolated mitochondria, because of their 
correspondingly smaller size, require 7-10-fold higher 
electric field strengths to incorporate a 7 . 2-kilobase 

10 plasmid DNA (J-M. Collombet, V.C. Wheeler, F. Vogel, & C. 
Coutelle J. Biol. Chem. , 272, 5342-5347 (1997)). Mito- 
chondrial outer-membrane fusion at lower electric field 
strengths of about 2.5 kV/cm has also been observed. 

Traditionally, electroporat ion is made in a batch 

15 mode allowing for administration of polar solutes into 

several millions of cells simultaneously. The electrodes 
producing such fields can be several square centimetres 
and the distance between the electrodes several centime- 
tres, thus requiring high-voltage power sources to obtain 

20 the needed electrical field strength to cause electri- 
cally induced permeabilisation of biological membranes. 

One advantage of electroporation compared to micro- 
injection techniques is that electroporation can be ex- 
tremely fast, and precisely timed (see e.g. K. Kinosita, 

25 K., Jr., I. Ashikawa, N. Saita, H. Yoshimura, H. Itoh, K. 
Nagayama, & A. Ikegami J. Biophys., 53, 1015-1019 (1988); 
M- Hibino, M. Shigemori, H. Itoh, K. Nagayama, & K. Ki- 
nosita, K., Jr., Biophys. J., 59, 209-220 (1991)) which 
is of importance in studying fast reaction phenomena. 

30 Instrumentation that can be used for electroporation 

of a small number of cells in suspension (K. Kinosita, 
Jr., & T. Y. Tsong, T. Biochim. Biophys. Acta, 554, 479- 
497(1979); D.C Chang, J. Biophys., 56, 641-652 (1989; P. 
E. Marszalek, B. Farrel, P. Verdugo, & J. M. Fernandez, 

35 Biophys. J. , 73, 1160-1168 (1997)) and for a small number 
of adherent cells grown on a substratum (Q. A. Zheng, & 
D.C. Chang, Biochim. Biophys. Acta, 1088, 104-110 (1991); 
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M. N. T.eruel, & T. Meyer Blophys. J., 73, 1785-1796 
(1997)) have also been described. The design of the elec- 
troporation device constructed by Marszalek et al . is 
based on 6 mm long 8 0 \*m diameter platinum wires that are 

5 glued in a parallel arrangement at a fixed distance of 
100 (Jin to a single glass micropipette . The design by Ki- 
nosita and Tsong uses fixed brass electrodes spaced with 
a gap distance of 2 mm, the microporator design of Teruel 
and Meyer relies on two platinum electrodes that are 

0 spaced with a gap distance of about 5 mm, and the elec- 
troporation chamber design by Chang uses approximately 
1 rnm-long platinum wires spaced at a distance of 0.4 mm. 
It is obvious, that these electroporation devices create 
electric fields that are several orders of magnitude 

5 larger than the size of a single cell which typically is 
10 \xm in diameter, and thus can not be used for exclusive 
electroporation of a single cell or a single organelle or 
for electroporation inside a single cell. Electroporation 
devices for clinical applications has also been designed. 

0 Examples include devices for electroporation-mediated de- 
livery of drugs and genes to tumours (WO 96/39226) and to 
blood cells (US Pat. 5,501,662). Likewise, these can not 
be used to create a highly localised electric field for 
electroporation of a single cell, a single organelle, or 

5 a population of organelles within a cell. 

Summary of the invention 

One of the major disadvantages with the known tech- 
niques is that they are not applicable for permeabilisa- 
0 tion of single cells or single intracellular organelles. 

The present invention provides a highly spatially 
resolved technique to alter the biochemical content of 
single cells and organelles, based on permeabilisation of 
phospholipid bilayer membranes by pulsed electric fields, 
15 i.e. so called electroporation. 

An advantage the method according to the present in- 
vention compared to known methods for electroporation is 
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that the method according to the invention is character- 
ised by an extremely high spatial resolution defined by 
highly focused permeabilising electric fields. Such 
highly focused electric fields are obtained by using a 
5 pair of electroporation electrodes with outer diameters 
in the range of a few manometres to a few micrometers. 
This enables electorporation of single cells and even in- 
tracellular structures. The electrodes are controlled in- 
dividually with high-graduation micropositioners , thereby 

10 enabling precise electrode alignment with respect to a 

structure to be permeabilised . During the effective pore- 
open time, cell-impermeant solutes added to the extracel- 
lular or extraorganellar medium can enter the cell or or- 
ganelle interior by diffusion. 

15 In contrast to the known microinjection techniques 

for single cells and single nuclei, the present invention 
can be applied for biological containers of subf emtoliter 
{< 10" 15 1) volumes or less than a few micrometers in di- 
ameter, which is another important advantege of the in- 

20 vention. 

Furthermore, the present invention distinguishes it- 
self from prior art in that electroporation with single- 
cell or subcellular spatial resolution is accomplished by 
applying the electric field through nanometer- and mi- 

25 crometer-diameter electrodes with extremely short inter- 
electrode distances. The electrodes are controlled indi- 
vidually by high-graduation micromanipulators, allowing 
precise focusing of the electric field between the elec- 
trodes. Electroporation of individual cells and individ- 

30 ual organelles can thereby be accomplished. Electropora- 
tion can with the present invention be performed in such 
a way that only a target cell is permeabilised and not 
its adjacent neighbour. Also, individual cellular proc- 
esses can be electroporated . Even spatially well-defined 

35 intracellular domains with a targeted class of organelles 
can be held under a localised electric field with this 
invention, thereby enabling transfer of polar solutes 
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into organelles. Applications of electroporation * of or- 
ganelles include alterations of the mitochondrial genome. 
It is well known that mutations in the mitochondrial 
genome can lead to a multitude of diseases, and that gene 
5 therapy can potentially be of major importance. So far, 
however, mitochondria has to be isolated from the cells 
before transfer of the new genefragment into the mito- 
chondria can be performed. Then, the mitochondria has to 
be reinserted into the cell. The technique according to 

10 the invention makes it possible to directly insert genes 
into the mitochondria when they are contained inside a 
cell. This is a significant advancement over traditional 
schemes for transfection of mitochondria. 

In addition to the high spatial resolution achieved 

15 by using nano- and micro-electrodes, the technique ac- 
cording to the invention avoids the use of expensive 
high-voltage pulse generators, and complicated microcham- 
ber mounts. The method according to the invention can in 
principle be battery-operated because the spacing between 

20 the electrodes is small, typically 20 \im or less, which 

result in a high electric field strength with a small am- 
plitude voltage pulse. This technique is the first demon- 
stration- of selective solute-transfer into biological 
structures using highly focused electric fields of sin- 

25 gle-cell and subcellular dimensions. 

The method according to the invention can be addi- 
tionally used for biosensor applications where a cell or 
a cell-like structure is placed in a permebilising dc or 
ac electric field while supplemented with drugs or other 

30 compounds of interest. A special application is the com- 
bination of electroporation and miniaturised chemical 
separations, where hollow liquid electrodes made of fused 
silica or similar materials are used. 

With ultramicroelectrodes , such as carbon fibre 

35 electrodes, controlled by high-graduation micromanipula- 
tors, used according to the present invention, it is easy 
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to focus the electrical field to very well-defined re- 
gions . 

Thus, the present invention relates to a method for 
permeabilisation of a cell structure consisting of a 
5 single cell or a cell-like structure, an intracellular 
structure or an organelle characterised in that it com- 
prises the following steps: 

(a) microelectrodes are provided; 

(b) the microelectrodes are connected to a power 
10 supply; 

(c) the electrodes, individually controlled by high- 
graduation micromanipulators, are placed close to the 
cell or organelle structure or inside a single cell at an 
appropriate inter-electrode distance using high- 

15 graduation micromanipulators ; 

(e) a highly focused electric field of a strength 
sufficient to obtain electroporation is applied between 
the electrodes. 

The cell structure can be any kind of cell or cell- 

20 like structure, such as a cell in a primary cell cul- 
ture, a cell in a tissue slice or a tissue, an in vivo 
cell, a liposome, or an intracellular cell structure, 
such as an organelle, . 

The method according to the invention may be used 

25 either for transferring solutes from an extracellular me- 
dium into a permeabilised cell structure, or for trans- 
ferring solutes entrapped in the cell structure out to 
the extracellular medium. The method according to the in- 
vention may also be used for transferring a substance 

30 into or out from an organelle, even when the organelle is 
located inside a cell. 

The method is well-suited for the study of cellular 
migration, proliferation, growth, and differentiation, as 
well as a multitude of biochemical and biophysical 

35 events. It also opens up new possibilities for highly 

spatially resolved distribution of nanoparticles , drugs, 
genes and different biochemical markers, such as dyes 
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into single cells or organelles both isolated and in 
situ. The method may be useful in clinical applications 
as a vehicle to administer drugs and genes to patients. 

The method may also be -useful for biosensor applica- 
tions. In particular, a single cell can be placed in a 
permeabilising ac or dc field, thereby allowing cell- 
impermeant molecules that affect intracellular chemistry, 
including activation of receptors present on the surface 
of various organelles to be activated. In this way a com- 
pound library that acts on intracellular chemistry can be 
screened for biological activity. The compounds of inter- 
est can then be added. to the cell solution using a perfu- 
sion system or a syringe. In a special case the compounds 
of interest can be delivered by a fused silica electro- 
phoresis capillary of narrow inner dimensions. Because 
the electrophoresis capillary is connected to a voltage 
source, the electrophoresis capillary can be viewed as a 
liquid-filled electrode. If the outlet end of the elec- 
trophoresis capillary is placed close enough to the cell 
membrane, and an electric field strength sufficient to 
cause dielectric membrane breakdown is applied, compounds 
injected into the capillary will cross the cell-membrane 
barrier and enter the cell interior where they can act on 
intracellular receptors and intracellular chemistry. Be- 
cause electrophoresis is a chemical separation technique, 
it can be. used as a fractionation and screening method 
for biologically important compounds. 

The characterising features of the invention will be 
evident from the following description and the appended 
claims . 

Brief d escription of the drawings 

In the description and the examples below reference 
is made to the accompanying drawings on which: 
Fig. 1 shows a preferred embodiment of an apparatus used 
for carrying out the method according to the in- 
vention. 
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Fig. 2 A - C are schematic drawings of the positioning 
of the electrodes and the electrical field for 
electroporation of a single cell. Fig. 2 A illus- 
trates the situation before electroporation, when 
5 all solutes are present in the extracellular vol- 

ume. Fig, 2 B illustrates the situation during 
application of a voltage pulse when a highly fo- 
cused electrical field is created over the cell 
resulting in permeabilisation and diffusion of 

10 the solutes into the cell. Fig-. 2 C illustrates 

the situation after the electroporation when the 
membrane pores are resealed and the solutes are 
trapped inside the cell. It is also feasible at 
high electric field strengths to electroporate 

15 intracellular organelles using this scheme. This 

results in pore— format ion both in the cell mem- 
brane and in the organellar structures. 
Fig. 3 shows a set-up that can be used for electropora- 
tion of intracellular organelles Fig. 3A shows a 

20 pair of electrodes inserted into a cell. The 

electrode tips are placed so that an organelle to 
be permeabilised is located between the electrode 
tips. Fig. 3B shows application of an electric 
field of a strength sufficient to cause pore- 

25 formation in the organelles. Organelle-impermeant 

molecules injected to . the cell can thereby dif- 
fuse into the organelle. In fig. 3C the elec- 
trodes are withdrawn, excess molecules are re- 
moved from the cytoplasm, and the molecules are 

30 exclusively located inside a population of perme- 

abilised organelles. 
Fig. 4 A and B show electroporation of cells using elec- 
trolyte-filled electrodes. Fig. 4A shows a liq- 
uid-filled fused silica electrode with its outlet 

35 placed close to the membrane of a single cell. 

The electrolyte inside the capillary electrode 
contains cell-impermeant molecules. Fig. 4 A il- 
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lustrates the situation when a permebilising 
field is applied and the molecules contained in 
the electrolyte migrate by electroosmosis and 
electrophoresis, to tJie outlet end of the capil- 
5 lary electrode. 

Fig. 5 illustrates an example of a clinical application 
of the method according to the invention. Two 
electrodes are placed in a cellular structure in 
human brain. The positioning of the electrodes 

10 can be performed using a stereotactic atlas, rep- 

resented in the figure by the Cartesian co- 
ordinate system, and stereotactic microposition- 
ers. One electrode is hollow for perfusion of 
e.g. drugs or genes. Perfusion can be achieved as 

15 shown here with a syringe or by some other means, 

including electrophoresis . 
Fig. 6 A and B show video images taken through a micro- 
scope demonstrating electroporation of progenitor 
cells to incorporate fluorescein. Fig. 6 A is a 

20 brightfield image of two progenitor cells. The 

cell on the top was electroporated in the pres- 
ence of fluorescein. Fig. 6 B is a fluorescence 
image demonstrating that the fluorescence is 
uniquely localised to the upper cell with virtu- 

25 ally zero spillover of fluorescein to the neigh- 

bouring cell. 

Fig. 7 shows photomicrographs demonstrating differential 
fluorescence staining resulting from electropora- 
tion of fluorescein into single progenitor cells 

30 at high, and low electric field strengths, re- 

spectively. Fig. 7 A shows two cells electropo- 
rated at plasma membrane superthreshold poten- 
tials of approximately 2 V (ten pulses at 0.5 Hz 
repetition rate) , both of which display a punctu- 

35 ate cytoplasmic fluorescence pattern due to in- 

corporation of dye into organelles. Fig. 7 B 
shows images of three cells after electroporation 
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.at the plasma membrane threshold potential* of 
about 1 V (ten pulses at 0.5 Hz repetition rate) 
where the fluorescence is diffuse and evenly dis- 
tributed over the entire cell, demonstrating 
electroporation of fluorescein into the cytoplasm 
of the cells. 

Detailed description of the invention 

With the method according to the present invention 
it is possible to permeabilise cell structures or cell- 
like structures and thereby to transfer polar, cell- 
impermeant solutes, such as nanoparticles, drugs, dyes, 
RNA, DNA, proteins, and peptides, into or out of cell- 
like structures. The technique is based on the use of a 
highly focused electric field that is applied over the 
cell structure by means of microelectrodes placed close 
to the cell structure and a voltage source. The microe- 
lectrodes are controlled by micromanipulators, preferably 
high-graduation micromanipulators, and can be translated 
in three-dimensional space in increments of tens to a few 
hundreds of nanometres. Preferably two microelectrodes 
are used, these can be made of carbon fibre, metal or 
other electrically conductive material. The electrodes 
can be hollow for administration of, for example, drugs, 
genes, or dyes through the inner channel. The electrical 
current needed for electroporation of a cell structure 
can also be carried by an electrolyte contained in the 
inner channel. Such hollow capillary electrodes can be 
made of fused silica or similar materials, thereby ena- 
bling delivery of the drug, gene, or dye to the cell or 
organelle through electrophoresis or electroosmosis . The 
diameter of the electrodes are preferably only a few 
nanometres to a few micrometers in diameter. In the case 
of hollow electrodes, the inner channel diameter can be a 
few nanometres to a few tens of micrometers in diameter, 
whereas the outer diameter can be a few micrometers to 
several hundred micrometers. Preferably, two microelec- 
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trodes are used. However, a single microelectrode * f or 
electroporation can be used together with a mesoscopic or 
larger electrode held at ground or at negative potential. 
The- electrodes can be placed adjacent to a cell for elec- 
troporation of the cell membrane and organelles contained 
inside the cell or the electrodes can be placed inside 
the cell for exclusive electroporation of the organelles 
contained inside the cell. 

The voltage source generates a voltage pulse, with a 
waveform that can be square, exponential, or of any other 
form. It is also possible to use both DC currents and AC 
currents . 

The electrical fields needed to cause electropora- 
tion varies largely depending on the type and the size of 
the treated cell structure. The appropriate field 
strength can be calculated by man skilled in the art by 
using see equation 1 given in the background description 
of this application. The electric field strength is ad- 
justed by the voltage and the inter-electrode distance. 
Appropriate field strengths may be in the range of from 
0,01 kV/cm to 100 kV/cm. Appropriate inter-electrode dis- 
tances are distances smaller than 10 mm, preferably 
smaller than 100 jam. If a single mammalian cell is to be 
treated it may be appropriate to use an inter-electrode 
distance of from 0,1 |Lim to 30 \xm, and a voltage of from 
100 mV to 100 V. 

The duration of the voltage pulse may vary from a 
few microseconds to several minutes, also depending on 
the type and the size of the treated cell structure. The 
length of the voltage pulse is preferably from 1 \xs to 
500 ms. 

During application of the voltage pulse, the cell 
structure is permeabilised through pore formation, allow- 
ing polar solutes which otherwise can not pass biological 
bilayer membranes, to enter or escape the interior of the 
cell structure through diffusion. The spatial resolution 
of the method according to the invention is dictated by 
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the siz.e of the electrodes, which can be made to be only 
a few nanometres in diameter, and the gap distance be- 
tween the electrodes, which can be made to be a few 
nanometres to a few micrometers, thereby allowing for 
electroporation even of the smallest of intracellular or- 
ganelles and e.g. nanobacteria . 

When the method according to the invention is used 
for transferring biological markers, nanoparticles, dyes, 
and other particles into cell structures some of the ap- 
plications are the study of cellular migration, prolif- 
eration, growth, differentiation, as well as other bio- 
chemical and biophysical events. The method might prove 
useful in clinical applications as a vehicle to adminis- 
ter drugs and genes to patients. For clinical applica- 
15 tions, in particular, a hollow electrode configuration is 
suitable in which the compound to be electroporated into 
the cell is administered through a small channel in the 
electrode . 

When the method according to the invention is per- 

20 formed in vitro in order to transfer solutes into a cell 
structure, such as a tissue slice, a primary culture, a 
cell line or a preparation of an organelle, an appropri- 
ate apparatus may be the preferred embodiment illustrated 
in figure 1, comprising two carbon fibre microelectrodes 

25 1, 2, with outer diameters in the nanometre-to-micrometer 
size range, connected to a voltage generator 3. Prefera- 
bly, the electrodes are connected to the voltage genera- 
tor via vials 4, 5, containing for example 3 M KC1, mer- 
cury, or silver glue and silver wires 6, 7. The cell 

30 structure 8 is typically held in e.g. a petri dish 9 in 
some kind of physiological buffer supplemented with the 
compound to be incorporated into the cell. In order to 
facilitate viewing and hence positioning of the elec- 
trodes in relation to the cell structure it is possible 

35 to use a microscope. In the preferred embodiment shown in 
figure 1 the petri dish is situated on an inverted micro- 
scope stage 10, and viewed through a microscope objective 
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11. The electrodes 1, 2, are, by means of three- ' 
dimensional micropositioners 12, 13, preferably of a high 
graduation type, positioned close to each side of the 
cell structure, preferably in an opposing linear arrange- 
5 ment so that the electrodes face each other with the cell 
structure in the middle. This is performed in such a way 
that the electric field produced between the electrodes 
is highly focused over the structure to be electropo- 
rated . 

0 Since the distance between the tips of the elec- 

trodes is very short, just a few micrometers, only a low- 
voltage generator is typically needed to produce the re- 
quired electrical field strengths for electroporation of 
biological membranes. Preferably, a rectangular DC volt- 

5 age pulse is applied over the cell and pores are created 
in the membrane through which solutes diffuse into the 
interior down their concentration gradient. 

Depending on the composition of the buffer the con- 
ditions are changed at the electrodes. Electrochemical 

0 reactions at the electrodes, e.g. reduction of water and 
oxidation of chloride, causes some loss in voltage and 
the effective voltage should be calculated for every 
given set of electrode materials and buffer systems. 

Figure 2A - C are schematic drawings of the posi- 

5 tioning of the electrodes and the electrical field for 
electroporation of a single cell. Fig. 2 A illustrates 
the situation before electroporation, when all solutes 
are present in the extracellular volume. Fig. 2 B illus- 
trates the situation during application of a voltage 

0 pulse when a highly focused electrical field is created 
over the cell resulting in permeabilisation and diffusion 
of the solutes into the cell. Fig. 2 C illustrates the 
situation after the electroporation when the membrane 
pores are resealed and the solutes are trapped inside the 

5 cell. It is also feasible at high electric field 

strengths to electroporate intracellular organelles using 
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this scheme. This result in pore-formation both in the 
cell membrane and in the organellar structures. 

After electroporation of the cell structure, washing 
of -the cell dish can be performed in order to remove ex- 
5 cess solutes if needed. The buffer is then replaced by a 
solute-deficient buffer or a culture media. 

With the present invention it is also possible to 
exclusively electroporate organelles. The organelles can 
be contained inside a single cell or they can be isolated 

10 from a single cell or a population of cells. As stated 
above, the strengths of the pulse depend on what struc- 
ture to be electroporated and on the distance between the 
electrodes. Small organellar structures, like endoplasmic 
reticuli, and mitochondria, require a higher voltage to 

15 create pores in the membrane. The pulse duration can also 
be varied in the range of a few microseconds to several 
minutes depending on membrane structure but also on the 
structure of the compound to be incorporated. Large mole- 
cules with low diffusion rates require longer periods of 

20 time to move into the cell. For electroporation of organ- 
elles inside a cell, intracellular electroporation elec- 
trodes are preferentially used. These electrodes can have 
electrically insulating shanks, so that the part- of the 
electrode that comes into contact with the cell membrane 

25 does not result in electrically-induced pore-formation. 
The tips of the electrodes can be made of electrically 
conductive materials, such as deposited metals, or carbon 
fibre. Alternatively, hollow-fibre electrodes filled with 
an electrolyte can be used for such purposes. The physi- 

30 cal dimensions of intracellular electrodes for electropo- 
ration of organelles can range from a few nanometres to a 
few micrometers in diameter. 

A preferred embodiment for electroporation of intra- 
cellular organelles is shown in figure 3. The electrodes 

35 1, 2 used in this set-up have a sharp tip 14, 15 that is 
made of a conductive material, and electrically insulated 
shanks. The tip diameter of such electrodes is between a 
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few nanometres and a few micrometers in diameter. Fig. 3 
A shows a pair of electrodes 1, 2 inserted into a cell 
surrounded by a cell membrane 16. The insertion and posi- 
tioning of the electrodes is performed with high- 
5 graduation micromanipulators (not shown) . The electrode 
tips 14, 15 are placed at an intracellular domain of in- 
terest. The electrodes are arranged so that the organelle 
17 to be permeabilised is located between the electrode 
tips. In Fig. 3 B an electric field of a strength suffi- 

10 cient to cause pore-formation in the organelle 17 has 

been applied. Organelle-impermeant molecules 18 injected 
to the cell with a microsyringe , or by some other means, 
can thereby diffuse into the permeabilised organelle 17. 
This procedure is repeated until the desired number of 

15 organelles have been permeabilised In fig. 3C the elec- 
trodes are withdrawn, excess molecules are removed from 
the cytoplasm using degradative pathways, or by some 
other means, and the molecules are exclusively located 
inside a population of permeabilised organelles. 

20 Another application of the present invention is for 

use with biosensor techniques. In particular, by applying 
a permeabilising electric field over a single cell, in- 
tracellular chemistry and organelles can be used for bio- 
sensing purposes. As an example, inositoltriphosphate, 

25 which activates receptors on endoplasmic reticuli, can be 
assayed for using such schemes. The compound is simply 
added to the buffer surrounding the permeabilised cell 
and will diffuse into the cell interior and bind to re- 
ceptors on endoplasmic reticuli. Upon binding of inosi- 

30 toltriphosphate to the receptors, endoplasmic reticuli 
will liberate calcium ions. If the cell is then supple- 
mented with a fluorogenic calcium chelating dye, such as 
fluo-3, the receptor activation can be measured as an in- 
crease in fluorescence. 

35 When hollow fibre electrodes are used, according to 

the present invention, the cell-impermeant molecules 
added to the intra-electrode solution can be administered 
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to the cell using a perfusion system, such as a microsy- 
ringe pump or a peristaltic pump. According to another 
scheme, electrolyte-filled fused silica capillaries with 
narrow inner diameters are used as electroporation elec- 
trodes. With these electrodes, the cell-impermeant mole- 
cules contained in the electrolyte solution can be deliv- 
ered to a cell using electrophoresis or electroosmosis as 
shown in figure A. The applied electric field causes pore, 
formation in the cell as previously discussed. Because 
the components inside the electrode electrolyte will be 
separated based on their charge-to-f rict ional drag ratio, 
this method can be used for, for example, biosensor ap- 
plications. For electroporation of cells it is possible 
to use either electrodes with conductive tip for applica- 
tion of the electric field necessary to create pore- 
formation or electrodes filled with an electrolyte that 
carries the electric current necessary to create pore- 
formation. In the case of electrodes with an conductive 
tip, cell-impermeant molecules supplemented to the liquid 
contained in the hollow electrodes. can be administered to 
the cell using a perfusion system, such as a syringe pump 
or peristaltic pump. In the case of using hollow elec- 
trodes in which the permeabilising current is carried by 
the electrolyte, the molecules contained in the electro- 
lyte of the hollow electrode can additionally be deliv- 
ered to the cell structure by electrophoresis or elec- 
troosmosis. When using electrophoresis or electroosmosis, 
the components in the hollow electrode can be separated 
based on their charge-to-f rictional-drag ratio. This 
opens up possibilities for performing organelle-sensor- 
based detection of species fractionated by electrophore- 
sis . 

Electroporation of cells using liquid-filled fused 
silica electrodes with tapered tips is illustrated in 
fig. 4 A and B. Such tapered tips can be created by pull- 
ing the fused silica capillary in a flame, etching in hy- 
drofluoric acid, or by grinding. 
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Fig. 4 A shows an electrolyte-filled fused silica 
electrode 1 with its tapered outlet placed close to the 
membrane 16 of a single cell. The electrolyte inside the 
capillary contains cell-impermeant molecules 19 injected 
5 into the capillary hydrodynamically, or by some other 
means. In this case, the supplemented cell-impermeant 
molecules 19 activate receptors 20 on organelles 17. When 
a permebilising field is applied, by application of posi- 
tive voltage to the inlet end of the capillary electrode, 

10 the molecules contained in the electrolyte will migrate 
by electroosmosis and electrophoresis, to the outlet end 
of the capillary electrode. Because the electric field is 
chosen to be strong enough to permeabilise the cell mem- 
brane, the cell-impermeant molecules supplemented to the 

15 electrolyte contained in the electrode will pass the 

pores 21 formed in the cell membrane and can, for exam- 
ple ,' activate receptors on organelles, as shown in Fig. 
A B. Because the electric field is chosen to be strong 
enough to permeabilise the cell membrane, the cell- 

20 impermeant molecules supplemented to the electrolyte con- 
tained in the electrode will pass the pores formed in the 
cell membrane and can, for example, activate receptors on 
organelles. Electrodes of similar sort but of smaller di- 
mension can be used for electroporation of organelles. 

25 If the method according to the invention is carried 

out in vivo it is possible to use a surgical microscope, 
in order to view the cell structure. Furthermore, it is 
possible to use a stereotactic device for the positioning 
of the electrodes. When the method is performed in vivo 

30 it is of course not possible to place the cell structure 
in some sort of container with buffer. Instead, the com- 
pound to be incorporated into the cell structure is ad- 
ministered in a physiological buffer either separately 
via a catheter or directly via a hollow fibre electrode. 

35 When hollow fibre electrodes are used the compound is ad- 
ministered to the cell structure through a small channel 
in the electrodes which is coupled to a syringe con- 
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trolled by a micrometer screw or a microinjection *pump to 
enable administration of an exact volume. The possibili- 
ties to add the compound either at the same time as the 
eleetroporation occurs or with some time delay make this 
technique very useful. A very high concentration is 
achieved locally at the selected cell and diffusion into 
it will be faster due to the greater concentration gradi- 
ent. The lower consumption of the compound and the mini- 
misation of the problems due to the washing procedure are 
some other advantages. Many times a focal administration, 
i.e. administration directly to the malfunctioning set of 
cells, of drugs or genes can be expected to be far supe- 
rior than intraperitoneal, oral, intraventricular, or any 
other kind of commonly employed drug-administration tech- 
nique. Intracellular drug-and-gene-administration in vivo 
can be accomplished with the method according to the in- 
vention. Because of the extremely small dimensions of the 
electrodes, in combination with the low voltages applied, 
very little tissue trauma is expected. Furthermore, the 
positioning of the electrodes and the subsequent gene or, 
drug delivery is very precise. It has been shown that 
microdialysis probes, which are on the order of a hundred 
times larger than the electrodes used in the method ac- 
cording to the present invention, cause very little tis- 
sue trauma and disruption of local metabolism. 

With the method according to the invention, used in 
combination with gene therapy, it will be possible to 
"re-program" cells; either in order to make a malfunc- 
tioning cell work in the correct way, or to give a cell a 
new function. 

It is thus possible to use the method according to 
the invention in therapies for and treatment of different 
diseases and conditions caused by the malfunction of sin- 
gle cells or a small population of cells, such as Parkin- 
son's disease and brain tumours, which is further illus- 
trated below. 
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Many diseases, may they be genetically acquired or 
not, result in metabolic disruptions. For example, Park- 
inson' s disease caused by degeneration of neurons in the 
Nigro-striatal pathway result -in malfunctioning in the 
biochemical machinery for production of dopamine in an 
isolated population of cells. This in turn results in 
motorbehavioral deficits. The standard treatment of Park- 
inson' s disease is by oral administration of L-DOPA, a 
precursor of dopamine. Alternatively, grafted tissue with 
neuronal cells producing dopamine is transplanted into 
the patient's brain. Intracellular drug or gene admini- 
stration in vivo into the appropriate brain structures 
can be accomplished using an electroporation procedure 
similar to that described in the two above examples and 
used as a therapeutic strategy. 

Experimental treatment of brain tumours using ge- 
netically engineered viruses for gene delivery has been 
used with anecdotal reports of success. The use of vi- 
ruses as a delivery system has limitations in that it 
might pose a potential hazard if the virus mutate. Using 
an electroporation procedure for gene delivery, e.g. 
"suicide genes'' for cytokine deaminase or thymidine 
kinase, similar to than described in the examples below, 
eliminates the need for the use of virus delivery systems 
in cancer therapy. 

Figure 5 is a schematic illustration of treatment of 
brain tumours with the method according to the invention. 
Two electrodes, preferably at' least one hollow fibre 
electrode for perfusion of e.g. drugs or genes, are 
placed in a cellular structure in human brain. The posi- 
tioning of the electrodes can be performed using a 
stereotactic atlas, in the figure represented by the Car- 
tesian co-ordinate system, and stereotactic microposi- 
tioners. Perfusion can be achieved as shown in the figure 
with a syringe or by some other appropriate means. The 
positioning of the electrodes and the applied electrical 



WO 99/24110 



PCT/SE98/02012 



21 

field can be varied so a desired number of cells are 
electroporated. 

The solutes to be electroporated into cells are then 
simply administered through the narrow channel in the 
centre of the electrode or electrodes by application of a 
flow by means of a syringe pump or a peristaltic pump or 
any other type of solution pumping system including elec- 
trophoresis . 

An especially interesting possibility is to use bat- 
tery-operated perfusion/electroporation implants in bio- 
tolerable materials for continuous application of solutes 
into cells. Because such low potentials are required, 
batteries providing voltages in the range of from a few 
to about 20 volts can be used. These battery-operated 
electroporation units can be made small, they can be in- 
cluded on a chip measuring only a few millimetres 
squared. Such a system could include a solute-containing 
solution reservoir, two electrodes for electroporation, 
.electronic .circuitry for timed delivery and control of 
the electroporation parameters, i.e. pulse profile, pulse 
duration, repeat, and amplitude as well as a battery 
source, and a reservoir refill inlet. 

The electrodes used according to the present inven- 
tion may have any appropriate shape or configuration. 
They may be of the type illustrated in figure 1. They may 
also, for example, be one pair or several pairs of rod- 
like electrodes that penetrate the full length of the 
structure to be electroporated. When an electric field is 
applied over these rod-like electrodes all cells exposed 
will be electroporated. This allows for a higher turn 
over number and faster treatments. 

When the method according to the invention is used 
for transferring entrapped solutes out of cell struc- 
tures, so called reversed electroporation, some of the 
applications are drug delivery to single cells or small 
populations of cells. This is e.g. used in order to per- 
meabilise cells and cell-like structures, such as 
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liposomes in order to transfer cell impermeant solutes 
from their inside to the extracellular media. The concen- 
tration gradient for the solutes then have the opposite 
direction i.e. high solute concentrations inside the cell 
5 structure and low solute concentrations outside the cell 
structure. In particular, liposomes with entrapped drugs 
can be emptied in a controlled way close to a target cell 
simply by applying a DC voltage pulse over its membrane 
through carbon fibre microelectrodes positioned in the 

10 same way as described above. The use of such liposome- 

based delivery of drugs triggered by electroporation can 
be used in basic research as well as in the pharmaceuti- 
cal industry, e.g. for compositions with delayed release. 
It is also possible to make cells discharge solutes 

15 present in their cytoplasm by application of an electric 
field identical as described above for solute-transfer 
into cells using electroporation. 

The invention will be further illustrated in the ex- 
amples below, which in no way limit the scope of the in- 

20 vention. 

Example 1, Electroporation of progenitor cells from ma- 
ture rat brain to incorporate a fluorescent marker 

Progenitor cells were cultured according to standard 

25 procedures (T. D. Palmer, J. Ray, F. H. Gage, Mol. Cell. 
Neurosci. , 6, 474-486 (1995)) and plated onto number 1, 
1-inch circular coverslips coated with poly-D-ornithine 
and lamilin. The cells were allowed to stand overnight to 
adhere to the glass surface. The cells were incubated in 

30 a humid atmosphere at 37°C with 5% C0 2 and 95% air. For 

the electroporation, the cell dishes were mounted into a 
circular low-rim polycarbonate holder using mounting 
grease. The polycarbonate holder with the cover slip was 
mounted on the stage of an inverted microscope (Leica DM 

35 IRB) . The cells were held in a HE PES -buffered saline con- 
taining 137 mM'NaCl, 0.4 mM MgCl 2 , 0.64 mM KH 2 P0 4 , 3.0 mM 
NaHCQ 3/ 0.41 mM MgS0 4 , 5 . 4 mM KC1, 20 mM HEPES , 1.26 mM 
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CaCl 2/ and 5.5 mM D-glucose (pH adjusted to 7 . 4 with 
NaOH) . This HEPES buffer was supplemented with fluo- 
rescein (sodium salt, 5 \jlM) , a highly fluorescent charged 
species. 

To electroporate the cells, two carbon fibre micro- 
electrodes (Pro CFE, Axon Instruments, Foster City, CA) 
connected with the power supply by a liquid junction of 
KC1 (3 M) and a thin silver wire, were placed in the cell 
bath with a distance of about 15 [iin between the tips and 
with the cell positioned in the centre between the two 
tips. This configuration is illustrated in figure 3 A. 
Electroporation of the cell membrane was accomplished by 
applying one-to-ten pulses of DC voltage yielding mem- 
brane potentials of 0.5-to-l V with a duration of about 1 
ms over the tips using a low-voltage pulse generator 
(Digitimer Stimulator, DS9A, UK) . It should be noted that 
different voltages, durations, pulse profiles, and also 
alternating currents can be employed if needed. During 
application of the voltage pulse, a highly focused elec- 
trical field is created over the cell. The presence of 
the field results in permeabilisation of the cell through 
pore formation and the solute molecules diffuses into the 
cell down their concentration gradient, which is illus- 
trated in figure 3 B . Following application of the elec- 
trical pulse the membrane pores are resealed and the ana- 
lytes are then trapped inside the cell. Finally, the cell 
dishes were washed with HEPES buffer solution. The final 
situation is illustrated in figure 3C. 

The cells were then viewed in the microscope using 
excitation of the fluorescein at 488 nm using an Ar-ion 
laser (Spectra Physics model 2025-05, Sunnyvale, CA) . The 
laser light was sent through a 488-line interference fil- 
ter followed by a spinning disk to break the coherence 
and scatter the laser light. The laser was collected by a 
lens and sent through a fluorescein filter cube (Leica 
1-3) into the objective to excite the fluorphores. The 
resulting fluorescence was collected by the same objec- 
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tive and the image was detected by a 3-chip colour* CCD- 
camera (Panasonic) and recorded at 25 Hz frame collection 
rate by a Super VHS (Panasonic SVHS AG-5700) . The CCD im- 
ages were digitised from tape -and processed for presenta- 
tion. The result is shown in figure 6. The cell on the 
top in figure 6 A, which a brightfield image of two pro- 
genitor cells in close contact with each other, was elec- 
troporated in the presence of fluorescein as described 
above. As shown in the fluorescence image in figure 6 B, 
the fluorescence is uniquely localised to the upper cell 
with virtually zero spillover of fluorescein to the 
neighbouring cell. Thus, with the current electrodes and 
instrumentation, it is feasible to achieve a sufficient 
spatial resolution to electroporate single cells. 

Example 2. Elect roporat ion of intracellular organelles in 
progenitor cells from adult rat brain using extracellular 
electrodes 

The experimental set-up from example 1 was. repeated 
for in situ elect roporat ion of organelles in single pro- 
genitor cells. Specifically, fluorescein was introduced 
into single cells by ten 0.5-Hz superthreshold field ap- 
plications resulting in potential shifts at the cell mem- 
brane of 1.6 V ± 0.07 V (range 1.5-2.4 V), and compared 
to cells electroporated at low membrane potentials of 
0.5-1.0 V. Following electroporat ion, the extracellular 
dye-containing media was replaced by a Hank Hepes solu- 
tion. The result of electroporation at high voltages is 
shown in figure 7 A, where punctuate fluorescence is ob- 
served in the exo-nuclear cytoplasmic region, but not in 
the nuclear region which contains a smaller number of or- 
ganelles. In total, eighteen out of twenty cells electro- 
porated in this protocol displayed a similar staining 
pattern, reminiscent of what is observed using an organ- 
elle-specif ic dye such as rhodamine 123, which labels the 
mitochondrial fraction of organelles. In comparison, 
cells electroporated at the plasma membrane threshold po- 
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tential, generally displayed a diffuse fluorescence from 
fluorescein entrapped in the cytosol, as shown in figure 
7 B. This observation of a differential localisation of 
fluorescein comparing application of low and high elec- 
tric field strengths is consistent with the higher break- 
down potential of intracellular organelles as predicted 
by equation 1 given in the background part, owing to 
their smaller dimension. It has been shown that 2.5-10 
fold higher electric field strengths are required for 
electroporation and fusion of isolated mitochondria com- 
pared to 10 -mm diameter cells. The results are also in 
accord with morphological observations in giant squid ax- 
ons following mild, moderate, and severe electroporation 
protocols . 
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CLAIMS 

1. A method for permeabilisat ion of a cell structure 
consisting of a single cell, an intracellular structure - 
or an organelle, characterised in that it comprises 
the following steps: 
5 (a) microelectrodes are provided; 

(b) the microelectrodes are connected to a power 
supply; 

(c) the electrodes, individually controlled by high- 
graduation micromanipulators, are placed close to the 

10 cell structure at an appropriate inter-electrode dis- 
tance; 

(d) a highly focused electric field of a strength 
sufficient to obtain elect roporation is applied between 
the electrodes. 

15 2. A method according to claim 1, wherein said cell 

structure is an intracellular structure or intracellular 
organell, and said microelectrodes are arraganged so that 
the ends of the electordes are placed within the cell 
containing the cell structure. 

20 3. A method according to claim 1 or 2, wherein two 

electrodes are used. 

4 . A method according to any one of the claims 
1-3, wherein the power supply generates a voltage at 
the membrane of the cell structur from 10 mV to 100 V. 

25 5. A method according to any one of the claims 

1-4, wherein the inter-electrode distance is less than 
10 mm. 

6. A method according to claim 5, wherein said dis- 
tance is less than 100 \xm. 
30 7. A method according to any one of claims 1-6, 

wherein the diameter of.the ends of the electrodes clos- 
est to the cell structure is from a few nanometres to a 
few micrometres. 
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8. A method according to any one of claims 1^7, 
wherein the electric field applied in step (b) is ob- 
tained by a rectangular DC voltage pulse. 

9. A method according to claim 8, wherein the length 
of the pulse is from 0,1 us to several minutes. 

10. A method according to any one of claims 1-9, 
wherein the electrodes are positioned by use of a micro- 
scope, at least one micropositioner, and/or a stereotac- 
tic device. 

11. A method according to any one of claims 1 - 10; 
wherein cell-impermeant solutes are transported through 
the pores created in the cell structure by the electropo- 
ration. 

12. A method according to claim 11, wherein the sol- 
utes before the electroporation are comprised in an ex- 
tracellular medium. 

13. A method according to claim 11, wherein the sol- 
utes before the electroporation are comprised in a medium 
entrapped in the cell structure. 

14. A method according to claim 13, wherein the en- 
trapped solutes comprise a pharmaceut ically active com- 
pound . 

15. A method according to any one of claims 11-14, 
wherein the medium used to dissolve the solutes is a 
physiological buffer. 

16. A method according to any one of the claims 

11 - 15, wherein the medium comprising the solutes is de- 
livered to the cell structure by use of a catheter. 

17. A method according to any one of claims 1 - 16, 
wherein at least one electrodes is a carbon fibre elec- 
trodes . 

18. A method according to any one of the claims 

1 - 16, wherein at least- one electrode is a hollow- elec- 
trode . 

19. A method according to claim 18, wherein the cur- 
rent needed for electroporation is carried by an intra- 
electrodal electrolyte. 
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20. A method accordong to claim 17 or 18, wherein 
the medium comprising the solutes is delivered to the 
cell structure through the hollow fibre electrode. 

21. A method according to claim 20, wherein the sol- 
5 utes are delivered to the cell structure by electrophore- 
sis or electroosmosis. 

22. A method according to any one of the claims 

18 - 21, wherein said hollow electrodes are fused silica 
electrodes . 

10 23. A method according to any one of claims 1 - 22, 

wherein the cell structure is a liposome. 

24. Use of the method according to any one of claims 
1-23 for administration of drugs. 

25. Use of the method according to any one of claims 
15 1-23 for administration of genes. 

26. Use of the method according to any one of claims 
1-23 for administration of biochemical markers and 
dyes . 

27. Use of the method according to any one of claims 
20 1-23 for administration of nanoparticles. 

28. Use of the method according to any one of claims 
1 - 23 in a biosensor application. 

29. Use according to claim 28, in combination with a 
chemical separation . 

25 30. Use of the method according to any one of claims 

1 - 23 in treatment of tumours. 

31. Use of the method according to any one of claims 
1 - 23 in treatment of chronic neurodegenerative dis- 
eases, such as Parkinson's disease and Alzheimer's dis- 

30 ease. 

32. Use of the method according to any one of claims 
1-23 for the study of cellular migration, prolifera- 
tion, growth, differentiation biochemistry and/or- bio- 
physics . 
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